The Stratospheric Airborne Experiment (SABE 1) has long served as a reference of the radiation field in the upper stratosphere. It covers a wavelength region that is of great importance in photochemical modeling. As such it has provided modelers with data against which they may test their radiative models in the "relatively simple" case of Rayleigh scattering. Both above 300 nm and below 210 nm, multiple scattering can enhance the total radiation field. Comparisons of theoretical calculations and experiments may be used to assess our understanding of the atmospheric radiation field. Discrepancies between theory and experiments may indicate that our understanding of the "clear sky" radiation field is yet not complete.
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The ratio of the scattered radiation to the direct, attenuated solar radiation provides a measure of the importance of multiple scattering. Here "direct attenuated radiation" reCopyright 1993 by the American Geophysical Union.
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0148-0227/93/92JD-02687 $05.00 fers to a plane perpendicular to the direction of the Sun (i.e., not the vertical), whereas the term "scattered radiation" is used to denote the diffuse sky radiation integrated over 4rr steradians. In order to compute the ratio of the scattered to direct radiation in the stratosphere, hereafter referred to as the "scattering ratio," both the direct, attenuated solar radiation and the multiply scattered radiation must be known. HM obtained the latter by integrating the observed intensity over the sky, using an interpolation scheme for directions other than those of the measurements. Figure 11 of HM shows the observed scattering ratio between 200 and 310 nm (also reproduced in Figure 2 of the present paper). The multiply scattered radiation is less than 1% of the direct radiation near 250 nm but approaches 10% near both 200 and 300 nm. Comparison of the observed ratio to a theoretical ratio was not shown by HM, but with regard to the 02 absorption cross sections they concluded that "on the basis of the measurements of the scattered flux within the Schumann-Runge band region of 02 the effective cross sections used in current calculations need to be modified to allow greater penetration of the solar radiation into the atmosphere where scattering occurs." In this work we extend the comparison between theory and experiment made by HM and discuss important discrepancies not mentioned elsewhere. In section 2 we give a brief description of the different radiation models employed in this work. The model results are presented and compared with the experimental results of HM in section 3. Finally, in section 4 we give our conclusion and recommendation for further research.
MODEL DESCRIPTION
The scattered radiation measured by SABE 1 is 4rr times the mean intensity [Anderson and Meier, 1979] . Although the Monte Carlo model was computationally slower, it incorporated all relevant physical processes. Detailed comparisons of I/Fo computed with the two NRL models and the discrete ordinate model described above showed excellent agreement (less than 5% difference). The assumption of isotropic scattering invoked in the matrix inversion model led to errors of less than 5%. Since the discrete ordinate model is also computationally fast, is intrinsically accurate, and allows rapid computation of I(r, Ix) for comparison with measured radiances, we have used it exclusively in this paper.
The accuracy of the discrete ordinate method depends on the number of quadrature points (or streams) used to approximate the integral in (3). All calculations presented in this Read 5.00E + 7 as 5.00 x 10 7.
paper where performed with a 16-stream model which is sufficient for the nearly isotropic Rayleigh scattering. To calculate the intensity at specific angles (other than the quadrature angles) and with high angular resolution ( Figure  4 ) the interpolation scheme due to Stamnes [1982] was utilized.
Atmospheric ozone and temperature profiles were taken from Herman and Mentall [1982] ; see Table 1 and discussion below. The ozone absorption cross sections were taken from Molina and Molina [1986] and for the Rayleigh-scattering cross section we used the formula provided by Nicolet [1984] . For molecular oxygen we adopted the parameterization due to Allen and Frederick [1982] Herzberg continuum) the model also predicts more scattering than measured, whereas below 210 nm (SchumannRunge bands) the measurements show more scattering. We note that there is a certain degree of symmetry in the differences around the wavelength of maximum ozone absorption, 255 nm.
HM estimate the experimental error in the scattering ratio to be -+ 10%. They do not give an error estimate of their data reduction method, i.e., the error made in deducing the mean intensity using information from only six directions. However, they estimate that their interpolation scheme gives a scattering ratio equal to or lower than the scattering actual ratio. If their measurements could be corrected for this the empirical and modeled scattering ratios would probably agree better. The difference in shape would still be present though. To test how sensitive the results are to the Rayleigh optical depth, we performed calculations in which the Rayleigh optical depth was changed by -+5%. Insignificant changes were observed in the scattered and direct radiation.
Lary and Pyle [1991] have also computed the scattering ratio and compared with HM. They conclude that their model agrees well with the measurements, even though they obtain a difference of more than a factor 3 below 200 nm. Our experience with the use of different ozone profiles in calculating the scattering ratio suggests that the shape of their modeled scattering ratio is caused by their ozone profile, which was "a standard atmospheric ozone profile" and not representative of the conditions encountered during the experiment of HM. We discuss below possible sources for the discrepancies between the experimental results and our model results.
Temperature effects. The temperature dependence of the ozone cross section is important above 280 nm [Molina and Molina, 1986] . Thus a different temperature profile will give a different curve for the scattering ratio. Between 280 and 300 nm the ozone absorption cross section varies roughly -+5% from T = 226 K to T = 298 K around its value at T = 263 K. We performed radiation calculations in which the temperature profile was shifted -+ 10 K. Such temperature changes do indeed produce different results for the scattering ratio. However, as the scattered radiation is driven by the direct beam radiation, increasing the latter will increase the former and their ratio will not change much, as our calculations showed. Thus for a realistic temperature profile, the temperature dependence measured by laboratory experiments in this wavelength region is too small to explain the discrepancy between the observed and the computed scattering ratio.
Albedo effects. For the atmosphere model given in Table  1 and the solar elevation encountered during the experiment, the radiation penetrates to the ground for wavelengths larger than 292 nm, but only beyond 300 nm is enough radiation transmitted to make albedo effects important. We used the same albedo of 0.2 as was assumed by HM. Calculations were also performed with an albedo of 1.0. Although no significant change below 300 nm is found for the latter case, the experimental and theoretical scattering ratios are in better agreement above 300 nm. Experimental data beyond 320 nm would be of great value when studying albedo effects.
Polarization. Another possible source of error can be traced to polarization of the Rayleigh-scattered light. Although the models do not take polarization into account, the effect is expected to be small for computing sky-integrated intensities. However, the degree of polarization of the scattered intensities, which depends on the amount of multiple scattering, may result in an important effect. Below 300 nm, pure absorption prevents strong multiple scattering, so that intensities in specific directions may be significantly polarized. The observations of HM were made with spectrometers, whose throughput may be dependent on the polarization of the incident light ( Aerosols. Aerosols may significantly alter the optical properties of the atmosphere. Generally, the scattering and absorption properties of aerosols vary slowly with wavelength [Shettle, 1989; Kylling, 1992] . Thus plausible aerosol loadings do not provide an easy explanation of the strongly wavelength dependent difference between the measured and the modeled scattering ratio. An aerosol layer of volcanic origin has its maximum thickness typically around 20 km. The layer will increase the amount of scattered radiation above the cloud due to backscattering [Kylling, 1992] Altering the ozone column. The uniformity in the difference between the modeled and measured scattering ratio suggests that a change in the ozone content may alter the result. Above 40 km the ozone profile is constrained by the requirement that we must be able to reproduce the direct radiation at 40 km. A decrease in ozone below 40 km decreases absorption of radiation and leads to a higher scattering ratio, thus increasing the difference between the observed and the calculated scattering ratios. An increase in ozone below 40 km will increase the absorption and may thus lead to a lower scattering ratio. We performed calculations in which the ozone column below 40 km was increased by factors of 1.5 and 2.0. In the region of maximum ozone absorption, ---255 nm, little change is observed in the scattering ratio. At larger and shorter wavelengths, 255 _+ 40 nm, the scattering ratio decreases. But in the Schumann-Runge bands and above 300 nm the differences remain constant or increases. The best overall agreement was obtained using the original model atmosphere, as given in Table 1 .
Angular averaging. HM assumed that the scattered ra- Figure 3 there is good agreement between measurement and theory, except for the SchumannRunge bands. We note that the largest discrepancies between the modeled and the measured scattering ratios are found in the regions of the spectrum where the intensities vary the least among the different viewing directions (210-230 nm and 280-300 nm). We find this somewhat surprising because one would expect the interpolation between the different viewing directions to be more reliable when the variation among them is the smallest.
CONCLUSION
We have compared the ratio of the scattered to the direct radiation at 40 km, as measured by the SABE 1 experiment with results from state of the art radiative transfer models, including multiple scattering. Between 210 and 300 nm the models predict more scattering than the measurement. No plausible explanation for this lack of agreement is found. Furthermore, in the Schumann-Runge bands the model predicts too little scattering. We note that the measured direct and scattered radiation have different spectral shapes in the Schumann-Runge region (compare Figures 5 and 12 of HM) .
To help validate radiative transfer models for a Rayleighscattering atmosphere as well as increase our confidence in radiation schemes used in photochemical models, further measurements of both the direct and the scattered radiation at a variety of altitudes and zenith angles for clear sky conditions are desirable.
